Abstract-This paper describes the production of an artificial hair cell receptor based on aligned micro/nano polyvinylidene fluoride (PVDF) fibers. Suspended aligned micro/nano fiber arrays were successfully produced on an insulator film by a novel method called thermo-direct drawing procedure. Using this method, aligned micro/nano-size PVDF fibers are obtained. Some key problems such as the fabrication of the electrodes on a single fiber along fiber drawing direction and poling of micro/nano fibers to endow them with good piezoeffective activity have been presented. Comparative experiments show that the artificial hair cell receptor has reliable response with good sensibility under pressure stimulation if a standard pressure sensor is taken as a reference. The preliminary validation experiments show the novel artificial receptor is a promising technique in the detection of the flow medium speed and vibration.
I. INTRODUCTION
Hair cell receptors perform the primary mechanotransduction in a wide class of mechano-receptive organs, ranging from the mammalian sense of hearing and balance (cochlea and vestibular organ, respectively) to the water motion detection through lateral line organ of fishes and amphibians. Hair cells possess a characteristic organelle, the hair bundle. It consists of several tens of stereocilia, hair-like extrusions of the apical cell membrane that pivot around their base when a force is applied to their tips [1] - [6] .
Sensory hairs are the most common structures used for stimulus uptake the whole animal kingdom as seen in Fig. 1 . Many arthropod species have also evolved high performance detection systems consisting of mechanoreceptive cuticular hairs sensitive to the slightest air displacement, such as that generated by approaching predators. The cerci's mechanosensory hairs that are a small pair of hairy appendages perched on the end of a cricket's abdomen and being sensitive to the slightest air currents generated by a wasp's wings or a toad's tongue, alert the cricket so it can make a timely escape from a predator sneaking up from behind [3] , [7] . The size of the cercal hair varies between 20-1500 μm in length and 1-9 μm in diameter. Adults of the tropical wandering spider (Cupiennius salei) have hundreds of trichobothria on their walking legs and pedipalps [8] , [9] . The mechanical properties are found to be well adapted to receive medium vibration generated in the near field of flying insects. Hairs of different lengths range from 100-1400 μm, able to mechanically couple with different frequencies. Hair cell receptor existing in many animals (as tactile, wind receptor, flow speed receptor and vibration detection sensory systems etc) [7] , [9] . Different artificial hair cell (AHC) prototypes based on piezo-silicon beam structure developed through normal lithographic fabrication and the PDMA (Plastic deformation magnetic assembly) method have been demonstrated on a silicon substrate [4] , [10] . Polymer AHC cilia were obtained by patterning SU8 cylinders on the silicon piezo-resistive sensors [11] . An all-polymer AHC was fabricated by depositing carbon impregnated polyurethane force sensitive resistors (FSRs) at the base of vertical cantilever polyurethane cilia.
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The FSRs transduced the motion of cilium to the change in resistance [12] . Another type of interesting high aspect ratio SU8 sensory hairs on a silicon nitride membrane was based on capacitive change measurement as in [5] , [13] . The SU8 hairs, up to 1 mm long, undergo a deflection due to flow momentum, which leads to basilar disc rotation and change in the capacitance between the nitride membrane and the substrate.
There are three drawbacks of previously mentioned engineered artificial hair receptors. First, since most of the artificial hair receptors are produced on the brittle silicon substrate, there is a limitation in their application in microsystems because of difficulty in the assembly. As an example, one may consider the curved surface situations that is frequently occurred in micro bio-robotics. Second, all these artificial hairs serve as accessories to translate force/momentum to their respective sensitive elements (piezoresistive or capacitive) instead of being sensitive themselves. This leads not only to the fabrication of the complicate structures but also causes difficulties in miniaturization because of the accessories need to be designed to maintain enough size and some kind of stiffness in order to transmit the force/momentum to the sensitive elements. Furthermore, the aspect ratio of the polymer artificial hair by mold technology and lithographic patterning (usually no more than 20) is not enough comparing with its animal counterpart one. The authors address in this paper a novel artificial hair receptor (PVDF micro/nano fiber) being sensitive itself, on a flexible substrate with similar high aspect ratio and size as one compare with the animal counterpart.
II. HAIR CELL MODEL AND THE SCALE EFFECT

A. Biological Model of Hair Receptor
The mechanism, morphology, and modeling of the hair cell type mechano-receptor system such as cricket cercal wind receptors have been unveiled thanks to biological researches [2] . The hairs were modelled as an inverted pendulum as shown in Fig. 2 .
Inverted pendulum model of hair can be defined using a second-order mechanical system where the angular momentum is given by as
where S is the spring stiffness, I is the moment of inertia and R is the torsional resistance. The hair is deflected by the drag force on the air shaft due to the airflow surrounding the cercus. The total external torque N (t) can be calculated by the integration the drag force along the hair shaft such as: 
B. Scaling Issues in Artificial Hair Receptors
While the air flow direction is perpendicular to the hair sensor shaft, the drag force exerted on the hair can be calculated as follow:
where F d is the drag force, ρ is the density of the fluid, v is the velocity of the fluid, A is the projected frontal area of the hair sensor facing the flow, r is the radius of hair fiber, h is the length of the artificial hair (aligned micro/nano PVDF fiber), and C d is the dimensionless drag coefficient constant and the value is 1.0 − 1.3 for the cylinder in an air medium. The PVDF fiber generates the charges on the electrodes while deformed by the flow based on the piezoelectric activity. The generated charge density (D) can be given as
where Q is the charge, A e is the effective electrode area, d 3n is the piezoelectric coefficient ( n = 1..3) for the three principal directions, and X n is the stress generated in the fiber for the each directions. Here, d 31 is in the fiber drawing direction, d 32 is the transversal direction and d 33 is the frontal section direction which is also defined as the poling direction.
Assuming that the two electrodes on the single PVDF micro/nano fiber are along the axial direction with small separating gap, the average distance between the electrodes can be given as:t
Equation 6 enables us to write the capacitance equation across the fibers similar to the common parallel arrangement. Therefore, the capacitance of the fiber can be given by
Assuming that drag force works completely as the pulling force due to the compliance of the PVDF fiber and if we combine 3, 5, and 7, it is possible to define the charge as follow:
Note that, Q does not depend on the size of the fiber diameter. If the generated stress is only on the transversal or the frontal section of the fiber, the final equations are given for the transversal and frontal sections, respectively:
The piezoeffective activity is the combination of d 31 , d 32 and d 33 contributions. However, d 31 is the main contribution parameter due to PVDF high compliance property. Therefore, we can assume that the amount of generated charges is independent from the fiber diameter. As a result, the sensitivity of fiber sensor can be maintained while scaling down assuming that the length of the fiber is constant. This conclusion provides us the possibility to utilize the advantage of the novel micro/nano fiber drawing technology because extremely high aspect ratio (up to 10,000) micro/nano fibers are viable while scaling down in diameter.
III. ALIGNED MICRO-NANO FIBER FABRICATION
A. Review of Micro/nano Fiber Fabrication Technologies
Polymeric micro/nano fibers can be processed by a number of techniques such as drawing, template synthesis, phase separation, self-assembly, electrospinning and dry spinning. The latter two methods can generate continuous thin fibers and have been extensively used in industry and lab fiber mat fabrication.
Fibers can be obtained in a continuous way with both electrospinning and dry spinning. The former generates usually randomly distributed fibers on the collector and the latter collects fibers on spindles with some extent of aligning. However, producing aligned fibers on designated positions is not possible in both cases. Direct drawing and solidifying of micro/nano fibers from volatile solvents, like dry spinning, can in principle meet this requirement.
It is already shown that down to 5 nanometers in diameter and several micrometers in length from specific citrate solution with AFM tip could be produced using direct drawing technique [14] . Reference [15] succeeded in forming suspended fibers between different solid supports by directly drawing between polymer liquid pre-deposited points through nanoinstruments. Another technique is to use glass micropipette into direct fiber drawing in which micropipette was connected to a micro-syringe pump and the polymer solution is continuously pumped at slow rate inside the micropipette. The solvent evaporates during the manipulation path leaving a solid and cylindrical suspended single fiber. Using this method, polymethyl methacrylate (PMMA) and polystyrene (PS) micro/nano fibers were successfully fabricated [16] , [17] .
B. Setup of PVDF micro/nano Fiber Drawing
The proposed system consists of a computer controlled automatic 3D micro positioner (VP-25X, Newport) which defines the drawing path, a manually 3D micro manipulator which is used preliminary defining the micropipette position relative to the video camera, a video monitoring system (CXD-V50, Sony) with which the vision signal is sent to and displayed on the computer screen, a specific designed working space platform fixed on the micro/nano positioner, and a local heated micropipette fixed on the manually 3D micro manipulator, and vertical to the working platform as shown in Fig. 3(a) . In order to successfully draw a fiber from a polymer solution, the material should have proper viscoelastic behav-ior because the strong deformation generates stresses during pulling and the cohesiveness should be always balanced. Furthermore, the fundamental equations describing the basic laws to draw a fiber are highly non-linear in nature since the fabrication process involves mass transport in a binary system. This makes the situation even more complex. The fundamental understanding of the process can be simplified by defining a processability parameter according to the theory of Tripathi et al [18] which considers the rate of mass transfer to the rate of capillary thinning as follow:
where h s is the solvent evoparation rate, η is the viscosity of the solution, and σ is the surface tension of the used solution. A few attempts have been performed to produce PVDF micro/nano fibers [19] , [20] . Electrospinning method is widely used in these works where fibers are collected as randomly oriented and nonwoven mats. Dimethyl formamide (DMF), which is a polar solvent widely used for the PVDF polymer film production, is also utilized in the electrospinning with a proper amount of acetone to prevent bead formation.
The proper PVDF/DMF viscous solution system can be prepared by dissolving 20 % weight of polymer in DMF (viscosity 1176 cP). This viscosity is suitable for direct drawing because the droplets on the micropipette tip maintain stable. However, the PVDF micro/nano fibers can not be produced by simple drawing method under ambient environment due to the low evaporation rate and the low diffusion ability of the DMF which lead to the formation of solute skin layer. Thus, the solid layer blocks further solvent evaporation. It is well known that the elevated temperature can improve both solvent evaporation rate and the polymer mobility, thus the mass transfer rate of the solvent is effectively increased by increasing the temperature. Thus first local heating system was applied to the micropipette after design simulation and practice experiments. By introducing the new control parameter (temperature) and the previous developed automation control parameters, the authors successfully produced aligned PVDF micro/nano fibers. Submicron PVDF fibers were also formed by the novel thermo-direct drawing technique. A suspended aligned PVDF microfiber array with diameter about 25 μm over a 2 mm gap of a 50 μm thickness Kapton, is shown in Fig. 3(b) .
C. Electrode Deposition and Contact Poling
It is not trivial to deposit electrodes on a single micro/nano fiber along the drawing direction. In preliminary tests sputtered metal film went around the fiber and short circuited electrodes. Therefore, thermo evaporation was applied to the electrodes fabrication due to its high collimated deposition path capacity. The separated electrodes on a single PVDF fiber are shown in Fig. 4(a) . Poling of the polymer fibers is an important step to provide the PVDF fiber with a good piezoelectric effect. The dipoles are aligned under high electric poling field and these oriented dipoles do not go back to completely random configuration after finishing, as long as the poling electric field is higher than the coercive field. Actually, the piezo coefficient constants are proportional to the remnant polarization after the polarization process. Unlike contact poling in the PVDF film, it is not easy to achieve good poling in our aligned micro/nano fiber array due to tiny size and huge spatial nonuniformity. The scheme of an innovated poling device for PVDF micro/nano fiber array is shown Fig. 4(b) . The poling voltage applied to the electrodes with triangular wave is up to 12 KV.
IV. EXPERIMENTS
A. Electronic interface for PVDF micro/nano fibers
Since the equivalent circuit for a PVDF piezoelectric material consists of a series capacitance with a voltage source, it is necessary to use a high impedance input stage to interface the proposed sensor. Furthermore, parasite capacitances introduced by connection wires from the sensor to the interface must be eliminated; thus, as the first stage of the sensor interface, the selected charge amplifier configuration described in [21] , [22] was selected as shown in Fig. 5 . This configuration output is not sensitive to the input capacitance but only to the feedback one. The selected feedback capacitance is 1p due to the low value of the PVDF micro/nano fiber capacitance. 
B. Comparative Experiments with Honeywell Pressure Sensor
The experimental setup of response of PVDF aligned micro/nano fiber sensor with a pre-calibrated pressure sensor (SA 100, Honeywell) and their responses are shown in Fig.  6 . The PVDF fiber sensor was put into a sealed chamber connected to the reference pressure sensor so that the same pressure exerted on Honeywell sensor and PVDF fiber sensor. The pressure variations were generated by the handy bulb. The output of Honeywell sensor has been converted into pressure. 
C. Validation Experiments for the Novel Artificial Receptor
The validation experiments are designed for verifying the capability of the artificial receptor (PVDF micro/nano fiber sensor) to detect the flow turbulence of the air and fluidic medium which is essential in animal hair receptive systems. It should be pointed out that it is only a setup for validation and further precise characterization is needed. The diagram of the setup for the fiber sensor and the local blowing tools are shown in Fig. 7. a b Fig. 7 . a) Scheme of validation experiments, (b) local blowing tools (2 mm inner diameter plastic tube, 1 mL syringe, a normal micropipette and a handy bulb).
In order to know whether the responses are from the residual film that formed during the drawing fabrication or from the fiber, we both used a large board as fan, generating large force on the Kapton substrate. We managed the fanning to cause considerable deformation of the Kapton substrate thus deforming PVDF film on the Kapton and avoiding stretching on PVDF fibers. Almost no response signal was observed which led us to conclusion that the contribution of residual film on the Kapton was very small. Some results of local blowing are shown in Fig. 8 .
V. CONCLUSION AND FUTURE WORK
Novel artificial hair receptor prototypes based on aligned PVDF micro/nano fiber array have been developed. The key techniques related to the aligned polymer micro/nano fibers application such as electrodes fabrication and poling on the single fiber along the drawing direction have been presented. These important technical solutions enable the fiber array to become a single micro/nano fiber based sensor or actuator thus overcoming the limitations of membrane or mat applications.
The comparative experiments with a standard pressure sensor reference show the reliable response of the micro/nano fiber sensor and good sensibility to the pressure variations. Particularly, the validation experiments show that the artificial hair cell receptor is very promising in wind speed and vibration detection. Furthermore, it represents a new method for deep investigation of a micro/nano mechanism based on the single micro/nano fiber and not only macro membrane properties study. Future work will focus on the characterization of aligned micro/nano fiber based artificial hair receptor and on the investigation artificial hair receptors on real bio-inspired robotic platform such as cricket-like robots and artificial vestibular systems.
Proposed prototypes are only an embodiment of PVDF fiber based applications. Actually, the new type of micro/nano aligned fibers could have extensive applications in many sensors and actuators fields, and also in other fields like tissue engineering, active sensing, neural interfaces, biomimetics, and vestibular systems.
